The relationship among nutritional status, systemic insulin-like growth factor-I (IGF-I) and ovarian function early postpartum were investigated. A total of 27 Holstein-Friesian cows, 10 that cycled normally within 20 days postpartum, 5 diagnosed with follicular cysts, 8 with persistent corpus luteum (CL) after the first ovulation postpartum and 4 with inactive ovaries were used for the study. Blood samples were collected 1-3 times per week, for 60 days pre-and postpartum, for IGF-I, progesterone, estradiol, free fatty acids (FFA), blood urea nitrogen (BUN), and aspartate aminotransferase (AST) determination. Inactive ovary and cystic cows had a higher body condition score before calving and lost more condition than normal or persistent CL cows. Immediately postpartum, IGF-I levels were higher and rose sharply in cows that cycled normally than in cystic, inactive ovary or persistent CL cows. At calving and early postpartum, FFA was higher in inactive ovary and cystic than in normal and persistent CL cows. There was a significant strong positive relationship between IGF-I and BUN, and strong negative relationships between IGF-I and FFA and AST in all groups. There was a positive relationship between serum IGF-I and estradiol in normal cystic and inactive ovary cows. This study found that overconditioned cows during the dry period or at calving, lost more body condition postpartum. These cows also had a deeper and longer period of negative energy balance (NEB), poor liver function and low circulating IGF-I concentrations early postpartum. Such cows were likely to have poor reproductive function as seen in development of cystic ovaries, persistent CL and inactive ovary. Changes in serum IGF-I early postpartum may help predict both nutritional and reproductive status in dairy cattle.
It is widely recognized that nutrition affects reproductive function in dairy cows, but the exact mechanisms, that is identification of humoral factors, mediating compounds, metabolic hormones or metabolites by which nutrition causes infertility and affects reproduction function are complex, not well defined, and still need further clarification. Since practical assessment of nutritional intake in normal dairy herds is difficult, assessment of blood metabolites provides a good accurate indirect measure. For energy status, changes in the body condition score, ketone bodies, free fatty acids (FFA) and glucose; for protein, blood urea nitrogen (BUN), albumin and hematocrit, and for liver function, apolipoproteins, lecithin cholesterol acyltransferase (LCAT) and aspartate aminotransferase (AST), have long been used in dairy cattle [25, 33, 36, 37] . Recently, insulinlike growth factor-I (IGF-I) has been identified as been greatly affected by nutrition status [7, 9] . The IGFs have also been shown to greatly influence reproductive function. IGF-I promotes follicle-stimulating hormone (FSH) and luteinizing hormone (LH) -supported steriodogenesis on follicular cells, LH receptor induction, and inhibin synthesis [1, 18] . In the steroidogenic pathway IGFs have been shown to stimulate the aromatase system [2, 13] . IGF-I also increases the sensitivity of follicular cells to FSH and LH [30] and is also required for normal corpus luteum (CL) formation and function [12, 21] . Since all components of the IGF system are found in the hypothalamus and pituitary, IGFs are also thought to be involved in modulating their functions [15, 20] . Since IGF-I is influenced by nutritional status and has an effect on reproductive function in dairy cows, it could be identified as one of the factors that signal nutritional status in the reproductive axis. Therefore, this study was carried out to investigate the relationship among nutritional status, systemic IGF-I and ovarian function and to see if assessment of IGF-I may be used to predict both nutritional and reproductive status in early postpartum dairy cows.
MATERIALS AND METHODS

Animals:
A total of 27 Holstein-Friesian cows, 10 that cycled normally within 20 days postpartum, 5 diagnosed with follicular cysts, 8 with persistent CL after the first ovulation postpartum and 4 with inactive ovaries, from a herd of 100 cows belonging to the Rakuno Gakuen University farm were used for the study. The animals were aged between 3 and 6 years and calved between December 1999 and October 2000. The cows were kept tied to stalls and exercise was allowed in a large paddock for 3-4 hr after the morning milking. They were fed according to Japanese nutritional standards for dairy cattle [3] to meet their nutritional requirements. Silage, hay and concentrates were fed several times a day, and milking was done two times a day. The average milk production for the herd was over 9,000 kg per 305 day lactation equivalent.
Data acquisition: Beginning from dry off, approximately 60 days prepartum to 60 days postpartum, blood samples were collected in plain tubes and tubes containing heparin. They were collected once per week during the dry period, twice per week 1-2 weeks prepartum, 2-3 times per week postpartum, and more than 3 times per week after diagnosis of cysts and inactive ovary. The samples were collected via tail vein puncture and 2-3 hr or more after feeding. After collection, blood samples for serum were stored at 4°C for 20-24 hr and then centrifuged at 1,700 × g for 15 min. Serum was decanted and stored at -30°C until concentrations of IGF-I, progesterone and estradiol were determined. Heparinized blood samples were centrifuged at 1,700 × g for 15 min, and plasma was either stored at -30°C for less than a month or immediately analyzed for FFA, BUN and AST. In addition to IGF-I, FFA, BUN and AST were determined in prepartum samples, and progesterone and estradiol were determined in postpartum samples.
The cows were assigned a BCS (Body condition score, on a scale of 1-5 with 0.25 increments) by one individual utilizing both visual and tactile techniques as described by Ferguson et al. [16] , throughout the study period. Examination of the reproductive tract postpartum was carried out 2-3 times per week by palpation per rectum of the ovaries and uterus. It was done up to 5 times per week after cyst diagnosis. Visual examination of the external genitalia and vaginoscopic examination of the vagina and external cervical orifice was also conducted every 2 weeks. Transrectal ultrasonography with an Echopal II machine (Echopal II EUB-405B, Hitachi Medical Corporation, Tokyo, Japan) with a 7.5 MHz real-time linear probe (EUP-033J, Hitachi Medical Corporation, Tokyo, Japan) was performed to confirm palpation per rectum findings, cyst diagnosis and monitor changes 3 times per week. The day of first postpartum ovulation was taken as approximately 3 days before a serum progesterone concentration of ≥1.5 ng/ml was recorded. Follicular cysts were defined as follicular structures ≥2.5 cm in diameter present on one or both ovaries, and by ultrasound had no luteal tissue, with >1 ng/ml serum progesterone concentrations in the absence of a CL. Inactive ovary was diagnosed in cows that were not observed in estrus for two months postpartum, had small ovaries, which were either flat and smooth or rounded on rectal palpation, in the absence of a CL. Persistent CL was defined as cows that had a luteal phase (presence of an active CL with progesterone concentration >1 ng/ml) of the estrous cycle ≥25 days, with no uterine infection, service or pregnancy.
Determination of IGF-I, FFA, BUN and AST activity: Serum IGF-I concentrations were determined by radioimmunoassay (RIA) as previously described by Roh et al. [28] . The assay was done after an acid-ethanol extraction of binding proteins [14] . The double antibody RIA used human anti-IGF-I (NHPP, lot #01), human IGF-I standard (NHPP, lot #AFP4892898), labeled 125 IGF-I (Amersham, code IM172), and goat anti-rabbit gamma globulin (A/rGG, TC-1214) as the second antibody. The sensitivity of the RIA was 0.31 ng/ml and the inter-and intra-assay coefficients of variation (CV) were 10.1 and 8.2%, respectively. Briefly, 50 µl of serum was added to 2.5 ml of extraction buffer (12.5% 2N HCl and 87.5% ethanol), mixed and left to stand at room temperature for 30 min. The tubes were then centrifuged at 3,000 rpm for 30 min at 4°C, and 500 µl of the supernatant was mixed with 200 µl of neutralization buffer (0.855 M Tris Cl) to make pH 7.2. One hundred µl of this mixture was used in triplicate for the RIA in 10 × 75 mm plastic tubes. Twenty-four hours after the addition of human anti-IGF-I, 125 IGF-I was added and the tubes further incubated for 24 hr at 4°C. Goat A/rGG with 0.4% normal rabbit serum was added and after 24 hr, the tubes were centrifuged at 3,000 rpm for 30 min at 4°C. The supernatant was decanted and the radioactivity in the precipitate determined with a gamma counter. Concentrations were determined by means of an inhibition curve generated after dilution of the standard.
FFA, BUN and AST were determined with a biochemical auto-analyzer (TBA-20FR, Toshiba, Tokyo, Japan).
Determination of estradiol and progesterone concentrations: Serum concentrations of estradiol and progesterone were determined by double antibody RIA after extraction with ether as described by Taya et al. [31] and Ribadu et al. [27] . The RIA used antisera to sheep estradiol-17β (GDN 244) and progesterone (GDN 337), and 125 I-labelled estradiol (Amersham, code IM-135) and progesterone (Amersham, code IM-140). For both RIAs donkey anti-sheep gamma globulin was used as second antibody. The sensitivities of the RIAs for estradiol and progesterone were 0.51 pg/ml and 0.02 ng/ml, respectively. The intra-and interassay CV were 6.5 and 11.2% for estradiol and 5.1 and 9.8% for progesterone.
Statistical analysis: Weekly changes in BCS, hormones and metabolites were compared between groups. Repeated measures analysis of variance with within animal variation as the error term was conducted. Significant differences between two group means were then compared by Student's t-test and for more than two means by Dunnett's or Hsu's MCB test. Chi-square analysis was done to check for association between BCS loss and reproductive status early postpartum. To investigate the relationship between IGF-I and FFA, BUN, AST, and estradiol, Pearson product moment and Spearman rank correlation coefficient, if the data were not normally distributed were determined. Differences were considered to be significant at p<0.05 unless stated. Variation in the data was expressed as standard error (SE) of the mean.
RESULTS
General observations: All 27 cows used in the study calved normally. The mean number of days from parturition to cyst diagnosis was 22.2 ± 3.0 (range [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] in cows that spontaneously developed cysts. The mean number of days from parturition to first ovulation postpartum in the cows that had persistent CL was 23.1 ± 2.2 (range 15-33) and 17.5 ± 0.7 (range [15] [16] [17] [18] [19] [20] in cows that cycled normally within 20 days postpartum.
Changes in BCS in cows of different ovarian status: Changes in BCS during the dry and early postpartum period in the different groups are shown in Fig. 1 . BCS was higher during the dry than the postpartum period in all groups of cows. Cows that generally had inactive ovaries early postpartum and those that developed cystic ovaries tended to have higher body condition scores during the dry period and first 4 weeks postpartum than normal cycling cows. All cows in the groups lost body condition from the dry period to early postpartum. As shown in Table 1 , between 2 weeks prepartum and 4 weeks postpartum, Inactive ovary cows lost more body condition (>0.75 BCS points) than cows that cycled normally within 20 days postpartum (χ 2 p<0.1), although there was no significant difference in body condition loss between normal and either cystic or persistent CL cows. There were no significant differences in BCS by 4 weeks postpartum among the groups. Since inactive ovary and cystic cows had higher BCS just before calving, this shows that they lost more condition than normal or persistent CL cows.
Changes in IGF-I in cows of different ovarian status
General description: As shown in Fig. 2 ., fluctuations in serum IGF-I were similar in all groups of cows during the dry and early lactation periods. Serum IGF-I concentrations were highest early in the dry period and progressively decreased towards parturition, reaching lowest levels at calving. The IGF-I levels then progressively increased with the increase in the number of days postpartum reaching similar levels by 60 days to those observed during the week before calving but lower than those observed during the rest of the dry period.
Fluctuations in IGF-I during the dry period in cows of different ovarian status early postpartum: Refer to Table 2 and Fig. 2 for a summary. During weeks 6-9 and 3-5 of the dry period serum IGF-I concentrations were lower, in cows that had persistent CLs, than in either cows that cycled normally, inactive or developed cystic ovaries early postpartum. There were no significant differences between normal cows and either inactive ovary, cystic or persistent CL cows. During this time, IGF-I declined more rapidly in inactive ovary cows than in the rest of the groups. During the last two weeks prepartum, IGF-I declined rapidly and there were no significant differences among the groups.
Fluctuations in IGF-I early postpartum in cows of different ovarian status early postpartum: A summary of the fluctuations in serum IGF-I is shown in Table 2 and Fig. 2 . In all groups of cows, serum IGF-I concentrations were lowest at parturition and during the first week (days 0-6) after parturition and no significant differences were observed among the groups. In week 2 (days 7-13) postpartum, serum IGF-I increased sharply in normal cows and was significantly higher than in inactive ovary, cystic or persistent CL cows. In week 3 (days 14-20) postpartum, serum IGF-I in normal cows increased sharply but continued to increase gradually in inactive ovary and persistent CL cows. During week 3 postpartum serum IGF-I in normal cows was not significantly different from that in cystic cows but was significantly higher than in inactive ovary and persistent CL cows. A sharp increase in IGF-I was generally observed in normal cows about the time of ovulation. The sharp increase in IGF-I in cystic cows was due to diagnosis of cysts about this time (range 16-33 days). The presence of cysts led to an increase in the production of IGF-I by the ovary and liver. During weeks 4 and 5 serum IGF-I levels in normal cows were not significantly different from those in ovarian dysfunction cows, but during these weeks serum IGF-I in cystic cows was slightly higher than in normal cows and was significantly higher than in both inactive ovary and persistent CL cows. From week 6 until the end of the observation period (approximately 60 days postpartum), serum IGF-I was significantly higher in cystic cows with the persistence of cysts than in normal, inactive ovary or persistent CL cows. Changes in FFA in cows of different ovarian status: As shown in Fig. 3 , in all groups of cows during the dry period until one week prepartum, FFA remained very low fluctuating between 53 and 167 µEq/l. In the last week before calving FFA began to increase and reached its highest peak during the first week postpartum and then began to decrease reaching basal levels earlier postpartum in normal and persistent CL cows than in inactive ovary and cystic cows.
During the last two weeks prepartum, although there were no significant differences in FFA among the groups, levels in inactive ovary and cystic cows tended to be higher (Table  3 ). During weeks 0-3 and 4-7 postpartum, FFA was significantly higher in inactive ovary and cystic than in normal and persistent CL cows (p<0.05). FFA was similar in inactive ovary and cystic cows and in normal and persistent CL cows during the same periods. Changes in BUN in cows of different ovarian status: Fluctuations in BUN levels are summarized in Fig. 4 . In all Week 0: day 0-6; day 0 is the day of parturition.
Values are mean ± SE in ng/ml. Values in the same row with different superscripts are different. a, b) -(p<0.1). c, d) -(p<0.05). groups of cows BUN levels were within the normal range (10-16 mg/dl), and higher during the dry period than postpartum. BUN levels were similar among the groups fluctuating between 10.6 and 15.9 mg/dl, beginning from dry off to 3 weeks prepartum but tended to be higher in cystic and persistent CL cows and lower in inactive ovary cows. During the last two weeks prepartum BUN levels were declining sharply, and were lower than 10.2 mg/dl in inactive ovary cows. BUN levels continued to decline through the first week postpartum and reached their nadir at 2-3 weeks postpartum in all groups of cows. BUN levels then rose sharply in cystic, persistent CL and normal cows and gradually in inactive ovary cows. During the postpartum period weekly BUN levels were similar fluctuating between 6.8 and 9.5 mg/dl in normal cows, 8.2 and 11.75 mg/dl in cystic cows, 7.8 and 11.4 mg/dl in persistent CL cows and lower fluctuating between 5.2 and 8.5 mg/dl in inactive ovary
cows.
Changes in AST in cows of different ovarian status: Fluctuations in AST levels are summarized in Fig 5. In all groups of cows mean weekly serum AST levels tended to be higher in the postpartum period than in the dry period. AST levels were similar among the groups, fluctuating between 54 and 85U/l during the dry period, but tended to be higher in persistent CL and inactive ovary cows, and lower in cystic and normal cows. With parturition, AST levels then rose sharply during the first week postpartum reaching peak concentrations at one and two weeks postpartum in normal and the rest of the groups, respectively. AST levels then declined gradually in normal, cystic and persistent CL cows and sharply in inactive ovary cows until week 5, and then remained fairly constant until 9 weeks postpartum. During weeks 1-2 postpartum AST levels were higher than the normal recommended for cows (45-110 U/l) in cystic, persistent CL and inactive ovary cows. During the postpartum period weekly AST levels were highest in inactive ovary cows fluctuating between 95 and 157 U/l. AST levels were similar in persistent CL and cystic cows fluctuating between 91 and 113 and 82 and 114 U/l, respectively. AST was lowest in normal cows fluctuating between 71 and 93 U/l.
Relationship of IGF-I to FFA, BUN and AST: Coefficients of correlation between IGF-I and FFA, BUN, AST and estradiol in cows of different reproductive status postpartum are summarized in Table 4 . During the dry and postpartum period, a significant positive relationship was observed between IGF-I and BUN, and significant negative relationships between IGF-I and FFA and AST. During the postpartum period, significant positive relationships were observed between IGF-I and estradiol in normal, cystic and inactive ovary cows. The relationship between IGF-I and estradiol in persistent CL cows was not significant.
DISCUSSION
It was found in this study that the serum IGF-I concentration was lowest at parturition and during the first week postpartum in all groups of cows and was not significantly different among the groups. This result is similar to that observed in other studies [22, 32] . Lucy [22] reported that the low serum IGF-I about the time of parturition, was associated with a decrease in IGF-I mRNA and a decrease in total liver ST (somatropin) receptor mRNA. A rapid decline in ST receptor 1A mRNA that controls the binding of growth hormone to the liver and production of IGF-I by the liver is especially important. The current study also found that serum IGF-I concentrations were higher and rose more sharply in cows which cycled normally within 20 days postpartum than in cows which developed cystic ovaries, inactive ovary or persistent CLs. A positive and significant relationship between estradiol and IGF-I was also observed in cows that cycled normally, suggesting that IGF-I is important for follicular development. Other studies have associated IGF-I concentrations with follicular development [4, 5, 12, 17, 23, 32] . Beam and Butler [4, 5] , also found that plasma IGF-I levels were 40-50% higher during the first 2 weeks postpartum in dairy cows in which the first dominant follicle (DF) ovulated compared to those with non-ovulatory follicles and, Lucy et al. [23] reported a positive correlation between the estrogen : progesterone ratio in follicular fluid and plasma IGF-I. Our study also observed a sharp increase in IGF-I about the time of ovulation in cows that cycled normally. This is similar to the high IGF-I at estrus in goats reported by Hashizume et al. [19] . These findings suggest that normal follicular development may be associated with an early rise in IGF-I postpartum.
The positive and negative relationship between IGF-I and BUN and IGF-I and FFA, respectively, in all groups of cows show that IGF-I is affected by both protein and energy intake in cows. Other studies have also reported that serum IGF-I concentrations are influenced by energy status [4, 5, 10, 24] , and are negatively correlated with FFA [26, 29] . This was clearly demonstrated in this study about the peripartum negative energy balance (NEB) period, when FFA was highest and IGF-I lowest.
The liver is the main organ for production of IGF-I. A negative relationship between AST and IGF-I was observed in this study. This shows that poor liver function leads to a decrease in production of IGF-I and serum concentrations. Coinciding with lower IGF-I concentrations during the first two weeks postpartum in inactive ovary, cystic and persistent CL cows, AST levels were higher than in normal cows, in each case. This study also found that inactive ovary and cystic cows had higher BCS and lost more body condition than normal cows from the dry to the postpartum period. Similarly, FFA was also higher the first 8 weeks postpartum in inactive ovary and cystic cows than in normal cows. As mentioned above, inactive ovary, cystic and persistent CL cows also had lower IGF-I concentrations at calving. The results of this study showed that cows that were overconditioned during the dry period or at calving lost more body condition postpartum. These cows also had a deeper and longer period of negative energy balance (NEB), poor liver function and low circulating IGF-I concentrations early postpartum. Such cows are likely to have poor reproductive function as seen in the development of cystic ovaries, persistent CLs and inactive ovary. Many studies have shown that overconditioned cows at calving are likely to have poor reproductive function (retained fetal membranes, inactive ovary, cystic ovaries or endometritis) and suffer metabolic diseases (hepatic lipidosis, ketosis or left displacement of the abomasum) [8, 34, 35] , leading to infertility.
NEB influences LH pulsatility that seems crucial for the onset and timing of postpartum ovarian function [6, 11] . As mentioned above and shown in Fig. 6 , NEB leads to low serum IGF-I levels, and since IGF-I reception and production have been demonstrated on the reproductive axis (hypothalamus, pituitary and ovary), it may be that together they affect gonadotropin releasing hormone, FSH and LH secretion and follicular development early postpartum. Therefore low serum IGF-I through NEB early postpartum may lead to poor reproductive function.
In conclusion, the findings of this study suggest that changes in serum IGF-I early postpartum may help predict both nutritional and reproductive status in dairy cattle. IGF-I may therefore be identified as one of the long sought factors that signal nutritional status to the reproductive axis.
